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1.  Introduction 

The  investigation  of  mechanisms  of  excitation  of  the  boundary-layer  instability  waves  by 
various  external  perturbations  represents  an  important  aspect  of  the  laminar-turbulent  transition 
problem  and  has  a  crucial  significance  for  both  basic  research  of  transition  and  practical 
applications.  A  review  of  recent  studies  in  this  field,  related  to  3D  receptivity  problems  for  2D 
and  3D  boundary  layers,  can  be  found  in  [1].  Most  of  previous  experimental  investigations  were 
devoted  to  the  receptivity  to  surface  perturbations  (roughness  and  vibrations)  and  to  acoustic 
waves.  Meanwhile,  the  excitation  of  instability  waves  by  free-stream  turbulence  can  also  play  a 
very  important  role  and  influence  the  transition  process.  The  present  paper  is  devoted  to  an 
experimental  investigation  of  the  3D  receptivity  of  Blasius  boundary  layer  to  non-stationary 
vortical  free-stream  disturbances  due  to  their  scattering  on  localized  (in  streamwise  and 
spanwise  directions)  surface  vibrations.  There  is  only  one  available  quantitative  experimental 
study  of  a  similar  receptivity  problem  performed  in  [2]  for  unsteady  free-stream  vortices.  A 
scattering  of  a  weak  vortex  street  (with  2D  spanwise  vorticity)  on  a  localized  two-dimensional 
surface  roughness  has  been  studied  in  this  work  in  the  Blasius  flow.  The  results  of  this 
experiment  were  found  to  be  in  a  good  agreement  with  the  2D  receptivity  theory  [3].  Three- 
dimensional  receptivity  to  non-stationary  free-stream  vortices  has  not  been  studied  in  previous 
experiments  at  all.  The  scattering  of  free-stream  vortices  on  surface  vibrations  was  not  studied 
even  for  purely  two-dimensional  case. 

2.  Procedures  of  Measurements  and  Data  Processing 

The  experiments  were  conducted  in  the  low-turbulence  subsonic  wind  tunnel  T-324  of  the 
IT  AM  at  the  free-stream  velocity  Ue  =  9.18  m/s  and  turbulence  level  less  than  0.02  %  (in  the 
frequency  range  above  1  Hz).  The  wind  tunnel  has  a  4  m  long  test  section  with  a  1  m  x  1  m 
cross-section.  A  sketch  of  the  experimental  setup  is  shown  in  Fig.  1.  The  laminar  boundary  layer 
under  investigation  was  developed  over  a  flat  plate  mounted  in  the  test  section  at  the  zero  angle 
of  attack.  The  measurements  were  carried  out  by  means  of  a  hot-wire  anemometer.  The  basic 
flow  was  shown  to  correspond  almost  exactly  to  the  Blasius  one  with  the  virtual  position  of  the 
plate  leading  edge  shifted  upstream  by  Ax  =  -79  mm  from  the  physical  one. 

The  experiment  was  conducted  at  controlled  excitation  of  both  perturbations:  (/)  the  free- 
stream  vortices  and  ( ii)  the  surface  vibrations.  A  low-amplitude  2D  vortex  street  was  excited  in 
the  free  stream  by  means  of  a  newly  developed  disturbance  source  (the  source  number  1) 
described  below.  The  surface  vibrations  were  simulated  by  means  of  a  modified  membrane 
vibrator  (the  source  number  2),  which  was  similar  to  that  used  in  our  previous  experiments  (see 
e.g.  [4])  but  had  a  smaller  diameter  (of  10  mm)  and  a  more  flexible  membrane  to  provide  larger 
amplitudes  of  vibrations  and  a  broader  spanwise-wavenumber  spectrum  of  them.  The  vibrator 
was  mounted  flush  with  the  wall  at  a  distance  xs  =  437  mm  downstream  the  plate  leading  edge 
(Reynolds  number  Res  =  Ue 5is/v  =  972,  where  v  =  1.488  10-5  m2/s  is  the  air  kinematic  viscosity). 


©  S.  Bake,  V.I.  Borodulin,  Y.S.  Kachanov,  and  A.P.  Roschektayev,  2002 


28 


Report  Documentation  Page 


Report  Date 

Report  Type 

Dates  Covered  (from...  to) 

23  Aug  2002 

N/A 

- 

Title  and  Subtitle 

Experimental  Study  of  3D  Localized  Boundary-Layer 
Receptivity  to  Lree-Stream  Vortices  by  Means  of  Two-Source 
Method 

Author(s) 


Performing  Organization  Name(s)  and  Address(es) 

Institute  of  Theoretical  and  Applied  Mechanics  Institutskaya 
Novosibirsk  530090  Russia 

Sponsoring/Monitoring  Agency  Name(s)  and  Address(es) 

EOARD  PSC  802  Box  14  LPO  09499-0014 

Distribution/ Availability  Statement 

Approved  for  public  release,  distribution  unlimited 

Supplementary  Notes 

See  also  ADM001433,  Conference  held  International  Conference  on  Methods  of  Aerophysical  Research  (11th)  Held  in 
Novosibirsk,  Russia  on  1-7  Jul  2002 

Abstract 


Subject  Terms 


Report  Classification 

unclassified 

Classification  of  this  page 

unclassified 

Classification  of  Abstract 

unclassified 

Limitation  of  Abstract 

UU 

Number  of  Pages 

6 


Contract  Number 
Grant  Number 
Program  Element  Number 
Project  Number 
Task  Number 
Work  Unit  Number 

Performing  Organization  Report  Number 

Sponsor/Monitor’s  Acronym(s) 
Sponsor/Monitor’s  Report  Number(s) 


Fig.  1 .  Sketch  of  experimental  setup. 
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Fig.  2.  Regions  of  measurements  on  stability  diagram. 


The  source  of  vortices  (number  1)  consisted  of  a  thing  tungsten  wire  (of  100  urn  in 
diameter)  fixed  under  tension  in  the  flow  (see  Fig.  1).  The  wire  was  positioned  upstream  the 
plate  leading  edge  (at  x  =  —138  mm)  parallel  to  it.  The  wire  oscillated  in  the  plane  normal  to  the 
free-stream  direction  under  the  influence  of  two  shakers  manufactured  on  the  base  of  stepping 
motors.  The  frequency  of  oscillations  was  close  to  the  first  eigen  mode  of  the  wire  as  a  string. 
The  disturbance  excited  in  the  flow  represented  a  kind  of  an  anti-symmetric  vortex  street,  which 
was  similar  to  well-known  Karman-street  but  had  rather  small  amplitude  (about  0.6%  for  the 
rms  intensity  of  streamwise  velocity  fluctuations).  The  wire  y-coordinate  was  adjusted  to 
provide  propagation  of  the  vortex  street  slightly  above  the  external  edge  of  the  flat-plate 
boundary  layer. 

Both  perturbations  were  harmonic  in  time  but  had  different  frequencies.  The  free-stream 
vortex  frequency  was  f,  =  55.05  Flz,  while  the  frequency  of  the  surface  vibrations  was  f  = 
137.63  Hz.  The  excitation  of  the  Tollmien-Schlichting  (TS)  waves  occurred  at  two  combination 
frequencies  /is i .2=  f  ±  f  -  However,  the  excited  instability  waves  had  large  enough  (i.e., 
accurately  measurable)  amplitudes  only  at  ‘left’  combination  frequency  fxs\=fs  ~fv=  82.58  Hz, 
which  was  studied  in  detail.  It  is  important  to  note  that  all  spectral  modes  were  coherent  with 
each  other  and  had  integer  number  N  of  their  periods  per  the  length  of  the  signal  realization  7j  = 
908.33  ms.  Namely:  N=  50,  125,  75,  and  175  periods  for  modes  f,,f,frsu  and  /rS2  respectively. 
Therefore,  the  amplitudes  and  phases  of  all  important  spectral  modes  were  obtained  by  means  of 
Fourier  decomposition  as  Fourier  series  coefficients  for  the  ensemble  averaged  time -traces.  The 
electric  signals,  which  fed  the  stepping  motors  of  the  source  number  1  and  the  loudspeaker 
driving  the  vibrator  (the  source  number  2),  were  generated  by  an  electronic  unit  VS-II  described 
in  [5].  The  signals  were  formed  by  a  computer  program  and  downloaded  into  the  unit  RAM. 
Then,  they  were  played  periodically  (with  period  Tj)  under  the  guidance  of  an  external  clock.  A 
reference  signal  was  generated  every  period  Tj.  and  used  for  ensemble  averaging  of  the  hot-wire 
signals,  which  were  linearized  and  introduced  into  an  Apple  computer  via  an  A/D  converter. 

The  frequencies  f,,  f,  fTSl,  and  fTS2  correspond  to  the  frequency  parameters 
F  =  2ji/v/t/e2-106=  61.1,  152.7,  91.6,  and  213.8  respectively.  The  positions  of  the  regions  of 
main  measurements  are  shown  in  Fig.  2  on  the  linear  stability  diagram  for  the  2D  TS-waves 
(where  Re  =  Ue S/v  is  the  local  Reynolds  number).  The  stability  calculations  were  performed  by 
R.  Hanifi  (private  communication,  1996)  using  the  ‘non-parallel’  PSE  approach. 

The  main  measurements  of  the  excited  TS-wave  train  were  carried  out  inside  the  boundary 
layer  at  a  fixed  non-dimensional  distance  from  the  wall  y/5 1  =  0.75  ( U/Ue  =  0.42)  that  is  close  to 
the  wall-normal  position  of  the  3D  TS-wave  amplitude  maxima.  A  set  of  spanwise  profiles  was 
measured  in  a  fare-field  of  the  vibrator  at  x  =  480,  500,  520,  and  540  mm  (Re  =  1010,  1028, 
1046,  and  1063  respectively).  The  wall-normal  profiles  were  also  taken  in  addition  at  several 
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streamwise  positions.  The  shape  of  the  vibrator  oscillations  was  carefully  measured  by  a  micro 
displacement  measuring  system  ’’OptoNCDT  1605”.  The  linearity  of  the  investigating 
receptivity  problem  was  checked  by  means  of  variation  of  the  disturbance  amplitudes.  It  has 
been  found  that  the  amplitudes  of  the  excited  TS-waves  are  constant  within  an  experimental 
accuracy  when  they  are  normalized  by  the  amplitudes  of  vibrations  and  free-stream  vortices. 
The  TS-wave  phase  distributions  were  also  independent  of  the  external  disturbance  amplitudes. 

The  obtained  experimental  data  were  subjected  to  a  deep  processing,  which  included  the 
decomposition  of  the  instability  waves  and  the  surface  vibrations  into  normal  oblique  modes 
(harmonic  in  time  and  space)  inclined  at  various  angles  to  the  mean  flow  direction.  The 
amplitudes  of  the  excited  normal  TS  modes  were  then  extrapolated  upstream  to  the  location  of 
the  surface  vibrator  to  obtain  the  initial  TS-wave  spectrum.  As  the  result,  the  coefficients  of  the 
vibration-vortex  boundary-layer  receptivity  have  been  obtained  experimentally  for  every  studied 
value  of  the  spanwise  wavenumber.  These  coefficients  were  defined  in  the  following  way: 


,(P)  = 


^TSlo(/rSl’arTSl’ft) 

CsC/sAs’PMvC/v’Srv) 


(1) 


where  fixsio  is  the  spectral  amplitude  in  the  initial  spanwise-wavenumber  spectrum  of  the 
excited  TS-wave,  Cs  is  the  resonant  amplitude  spectrum  of  the  surface  vibrations,  and  Av  is  the 
vortex  street  amplitude  measured  at  the  boundary  layer  edge  at  y  =  8.  Spanwise  wavenumber  p, 
as  well  as  the  frequencies  fs  and  f,,  are  free  variables  (the  parameters  of  the  problem),  while  the 
streamwise  wavenumbers  arTS1  and  are  are  eigen  values,  which  correspond  to  dispersion 
relationships  of  for  the  TS-waves  and  the  free-stream  vortices  respectively.  The  2D  spectrum  of 
the  surface  vibrations  contains  all  values  of  the  streamwise  wavenumber  ars  for  every  given 
value  of  the  spanwise  wavenumber  p.  However,  only  ‘resonant’  modes  are  able  to  excite  the  TS- 
waves  due  to  the  vibration-vortex  interaction.  The  resonant  streamwise  wavenumbers  ars  in  the 
spectrum  of  surface  vibrations  was  determined  for  the  ‘left’  combination  mode 
(./rspSrTS1,P)  =  (/s,ars,P)-  (/v,arv,0)  as 

ars(P)  =  SrTS1(P)  +  arv.  (2) 


It  was  also  found  that  5^  =  2ji fv/Ut  with  high  accuracy. 


3.  Experimental  Results 

In  order  to  exclude  a  mechanism  of  rescattering  of  the  previously  generated  TS-wave  (at 
the  vortex  frequency  fv)  on  the  surface  vibrator,  special  measurements  have  been  performed 
upstream  the  vibrator.  In  a  preliminary  regime  of  measurements  the  vortex  frequency  was 
chosen  to  be  equal  to  f}  =  109.09  Hz,  i.e.,  close  to  the  upper  branch  of  the  neutral  stability  curve 
(see  Fig.  2).  In  this  case  the  vortex  street  was  found  to  excite  a  2D  TS-wave  (with  frequency  fj) 
upstream  the  vibrator  (probably  near  the  plate  leading  edge).  This  excitation  is  illustrated  in 
Fig.  3  and  leads  to  spatial  beatings  with  period  A,,*  ~  40  mm  that  corresponds  to  superposition  of 
a  “tail”  of  the  free-stream  vortex  street  (which  average  streamwise  wavenumber  is  a rv(fv')  = 
0.0951  rad/mm  and  phase  speed  Cxv/t/e  =  0.79)  and  the  TS-wave  excited  upstream  by  vortices. 
Indeed,  assuming  that  the  characteristic  streamwise  phase  speed  of  the  TS-wave  is  Cxis/Uc  ~  0.3 
(see  e.g.  Fig.  5  below),  i.e.,  arTS(/v')  =  2nfv'/ CxTS  ~  0.249  rad/mm,  the  period  of  beatings  can 

be  estimated  as  A,xb(/V')  =  2ji/[arTS(/v')  -  arv(/v')]  ~  40.8  mm  in  agreement  with  Fig.  3. 

In  such  regime  the  correct  measurements  of  the  vibration-vortex  receptivity  are 
impossible.  Therefore,  the  vortex  frequency  had  been  reduced  to  f,  =  55.05  Hz  to  provide 
attenuation  of  the  TS-wave  generated  by  vortices  near  the  leading  edge.  In  this  new  regime 


30 


1600 
1400 
1200 
1000  g5 

T3 

800  Q_ 

600 
400 
200 

300  320  340  360  380  400  420  440  460 

x,  mm 

Fig.  3.  Excitation  of  TS-wave  upstream  the  vibrator 
at  vibration  frequency  in  a  preliminary  regime. 
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Fig.  5.  Excitation  of  TS-wave  downstream 
the  vibrator  at  combination  frequency  fv. 
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Fig.  4.  Absence  of  excitation  of  TS-wave  upstream  the 
vibrator  at  vibration  frequency  in  the  main  regime. 
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Fig.  6.  Shape  of  the  free-stream  vortex  street  and  its 
position  with  respect  to  the  boundary  layer  edge. 


(chosen  as  the  main  one),  the  TS-wave  is  practically  absent  at  the  position  of  the  surface 
vibrator  and  almost  no  beatings  is  observed  (Fig.  4,  the  vibrator  is  tuned  off).  The  disturbances 
measured  in  the  boundary  layer  at  yl 5j  =0.51  (U/Ue  =  0.29)  propagate  with  phase  velocity 
Cxv/Ue  =  0.78  and  correspond  to  “tail”  of  the  free-stream  vortex  street.  Due  to  the  vibration- 
vortex  receptivity  mechanism  these  disturbances  scatter  on  the  vibrator  and  the  mode 
dominating  at  left  combination  frequency  fTS1  downstream  the  vibrator  represents  a  TS-wave- 
train  with  the  characteristic  phase  speed  CxTSl/Ue  =  0.30  (Fig.  5). 

The  shape  of  the  free-stream  vortex  street,  as  well  as  its  position  with  respect  to  the 
boundary  layer,  is  illustrated  in  Fig.  6  where  the  amplitude  and  phase  of  the  streamwise  velocity 
fluctuations  (at  the  vortex  frequency  f  )  are  shown  versus  the  wall-normal  coordinate  y.  The 
measurement  was  performed  over  the  center  of  the  surface  vibrator  (xs  =  437  mm).  The  vortex 
disturbance  is  seen  to  be  located  near  the  boundary-layer  edge  and  has  two  distinct  maxima  and 
a  phase  jump  in  the  vortex-street  center.  The  disturbance  amplitude  at  y  =  599  is  Av  =  0.297%. 

The  shape  of  the  surface  vibrations  is  illustrated  in  Fig.  7,  where  contours  of  membrane 
oscillation  amplitudes  are  shown  in  ( x ,  z)-plane.  The  phase  of  vibrations  is  found  to  be  constant 
within  ±5°  over  the  whole  surface  of  the  vibrator.  The  central  section  of  the  amplitude  part  of 
the  2D  wavenumber  spectrum  of  the  shape  of  vibrations  is  presented  in  Fig.  8.  This  spectrum 
was  obtained  for  the  vibration  amplitudes  normalized  by  the  amplitude  in  the  membrane  center. 
Similarly  to  the  shape  of  vibrator,  its  spectrum  is  axisymmetric.  The  distribution  presented  in 
Fig.  8  was  approximated  by  six-order  polynomial  (see  curve  and  formula  in  Fig.  8).  The 
resonant  spectrum  of  vibrations  determined  according  to  (2)  is  also  shown  in  this  figure. 

A  set  of  spanwise-wavenumber  spectra  of  the  excited  TS-waves  is  shown  in  Fig.  9  for  four 
streamwise  positions.  Several  typical  streamwise  distributions  of  the  normal  TS-amplitudes  and 
phases  are  illustrated  in  Fig.  10  together  with  their  approximation  (exponential  one  for 
amplitudes  and  linear  one  for  phases)  and  extrapolation  to  the  position  of  the  vibrator  center. 
The  approximation  of  the  phase  distributions  gave  us  the  TS-wave  dispersion  curves 
oirTsi  =arTS1(P)  presented  in  Fig.  11a  and  a  unique  dependence  of  the  TS-wave  propagation 
angle  0TS1  on  the  spanwise  wavenumber  p  shown  in  Fig.  1  lb. 


31 


Amplitudes  of  Membrane  Oscillations 


E 

E 

N 


x,  mm 


Fig.  7.  Amplitude  of  surface  vibrations 
in  (x,z)-p\ane. 


Fig.  8.  Central  section  of  2D  wavenumber  spectrum  of  vibrations 
and  the  resonant  spectrum  of  vibrations. 


Fig.  9.  Amplitude  (a)  and  phase  ( b )  parts  of  the  TS-wave  spanwise-wavenumber  spectra  at  four 

downstream  positions. 
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Fig.  10.  Downstream  evolution  of  normal  TS-mode  amplitudes  (a)  and  phases  ( b )  and  their  upstream 

extrapolation. 

Finally,  the  vibration- vortex  receptivity  coefficients  were  determined  according  to  (1)  as 
functions  of  the  spanwise  wavenumber  (3  (Fig.  12a)  and  the  TS-wave  propagation  angle  0TSi 
(Fig.  12Z>).  First,  the  comparison  of  the  directly  measured  and  symmetrized  receptivity 
coefficients  indicates  that  the  accuracy  of  their  determination  is  reasonably  good  in  the  studied 
range  of  the  TS-wave  propagation  angles  0TSi  (from  zero  to  70°).  Second,  it  is  seen  that  the 
vibration-vortex  receptivity  is  the  lowest  for  2D  TS-waves  and  increases  with  the  wave 
propagation  angle.  In  other  words,  the  transformation  of  the  2D  free-stream  vortices  on  3D 
vibrational  waves  is  more  efficient  compared  to  that  occurred  on  2D  surface  vibrations.  Finally, 
the  values  of  the  vibration-vortex  receptivity  coefficients  turned  out  to  be  very  similar  to  those 
found  in  previous  experiments  and  DNS  [6,7]  for  the  vibration-acoustic  and  roughness-acoustic 
receptivity  mechanisms  in  spite  of  rather  different  experimental  conditions. 
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Fig.  11.  Normal  TS-mode  streamwise  wavenumber  (a)  and  propagation  angle  ( b )  versus  the  spanwise  wavenumber. 
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Fig.  12.  Vibration-vortex  receptivity  coefficients  versus  spanwise  wavenumber  (a) 
and  TS-wave  propagation  angle  ( b ). 

4.  Conclusions 

The  quantitative  experimental  study  of  the  linear  3D  receptivity  of  Blasius  boundary  layer 
to  the  2D  unsteady  free-stream  vortices  due  to  their  scattering  on  surface  vibrations  is  performed 
for  the  case  of  vorticity  vector  parallel  to  the  wall  and  perpendicular  to  the  free-stream  velocity 
vector.  It  is  found  that  the  harmonic  in  time  free-stream  vortices  excite  a  TS-wave  train.  The 
receptivity  coefficients  are  shown  to  increase  with  the  TS-wave  propagation  angle  and  the 
spanwise  wavenumber.  The  values  of  the  receptivity  coefficients  are  found  to  be  rather  close  to 
those  obtained  in  previous  experiments  on  roughness-acoustic  and  vibration-acoustic 
receptivity.  The  receptivity  coefficients  are  independent  of  the  specific  shape  of  surface 
vibrations  and  can  be  used  for  verification  of  the  corresponding  receptivity  theories. 
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